Estrogens promote a plethora of effects in the CNS that profoundly affect both its development and mature functions and are able to influence proliferation, differentiation, survival and neurotransmission. The biological effects of estrogens are cell-context specific and also depend on differentiation and/or proliferation status in a given cell type. Furthermore, estrogens activate ERK1/2 in a variety of cellular types. Here, we investigated whether ERK1/2 activation might be influenced by estrogens stimulation according to the differentiation status and the molecular mechanisms underling this phenomenon. ERK1/2 exert an opposing role on survival and death, as well as on proliferation and differentiation depending on different kinetics of phosphorylation. Hence we report that mesencephalic primary cultures and the immortalized cell line mes-c-myc A1 express estrogen receptor a and activate ERK1/2 upon E 2 stimulation. Interestingly, following the arrest of proliferation and the onset of differentiation, we observe a change in the kinetic of ERKs phosphorylation induced by estrogens stimulation. Moreover, caveolin-1, a main constituent of caveolae, endogenously expressed and co-localized with ER-a on plasma membrane, is consistently up-regulated following differentiation and cell growth arrest. In addition, we demonstrate that siRNA-induced caveolin-1 down-regulation or disruption by means of ß-cyclodextrin treatment changes ERK1/2 phosphorylation in response to estrogens stimulation. Finally, caveolin-1 downregulation abolishes estrogens-dependent survival of neurons. Thus, caveolin-1 appears to be an important player in mediating, at least, some of the non-genomic action of estrogens in neurons, in particular ERK1/2 kinetics of activation and survival.
Introduction
In the central nervous system (CNS) a number of molecules contribute to the correct execution and maintenance of neural cells functions. Among these, the estrogens (E 2 ), belonging to the family of steroid hormones, represent a critical class [1, 2] .
It is well established that E 2 , as well as other steroids, mediates numerous actions in the CNS ranging learning to memory and neuroprotection [3, 4] . Moreover, they influence the fate of neural stem/progenitor cells when the cells are poorly supplied with mitogens or differentiation factors during the early stage of neurogenesis [5] .
Indeed, E 2 exert a dual role in proliferating and in nonproliferating cells. In proliferating cells, including glial cells in the CNS and in granule hippocampal neuron, E 2 may foster cell proliferation and thus influence the neurogenesis in the dentate gyrus [6, 7, 8, 9] . On the other hands, E 2 can exert a potent neuroprotective role influencing the survival of non-proliferating terminally differentiated neural cells in vitro [10] . In vivo, E 2 also show neuroprotective antinflammatory role in different physiological and pathologic conditions including Parkinson's and Alzheimer diseases, multiple sclerosis, and ischemic stroke [11, 12, 13, 14] . Two classical receptors, the estrogen receptor a and ß (ERa, ERß), are known to mediate the effects of E 2 . E 2 binds the ER to activate or repress gene expression and this involves both genomic and non-genomic pathways. Genomic pathways include the classical interactions of ligand-bound ER dimers with estrogen-responsive elements in target gene promoters. The ''genomic'' effects are delayed in the onset and prolonged in duration. The ''non-genomic'' mechanism of E 2 action has been only partially unraveled. It involves the activation of important signaling cascades including extracellular signal-regulated kinases 1/2 (ERK1/2) and elicits effects that are rapid in onset and short in duration. These effects can be mediated by receptors located in or close to the plasma membrane, which can be the same ERa or ß and/or a novel ER subtype [15, 16, 17] . It has been shown a link between the caveolae and ERa. In some cell types caveolae are the site where ERa triggers the non-genomic signalling [18] . Caveolae are small non-clathrin coated invaginations of plasma membrane in the lipidic raft, organized by the membrane spanning protein caveolin-1 (Cav1). The caveolae are often described as signaling regulators that orchestrates the interaction of receptors and signaling molecules, modulating transmembrane signaling in a rapid and specific manner [19] . Moreover, recent findings have also implicated Cav1 in neuronal plasticity [20, 21] , while Cav1 KO mice show a neuropathological phenotype similar to accelerated aging and Alzheimer's disease [22] .
It is worth noting that non-genomic mechanisms have been shown to be responsible, at least partly, for the neuroprotective effects ascribed to E 2 [23] . Moreover, the effects of E 2 and their mechanisms of actions appear to be cell context-specific and vary from cell proliferation, to differentiation, migration or cell death, in although, the molecular events underlying these non-genomic effects and neuronal survival and protection are still poorly understood.
Here we address the issue of the different E 2 responses depending on the status of cell differentiation, in particular we describe the activation of ERK1/2 signaling and the role of Cav1 in the molecular mechanism(s) of cell survival using an immortalized mesencephalic cell line A1 (Mes-c-myc A1) or midbrain primary cultures (mesPC). A1 cells and mesPC can be grown under proliferating/undifferentiated or non-proliferating/differentiated conditions. Neurite outgrowth, neuronal electrophysiological properties and an increase of neuronal markers upon differentiation are observed [24, 25, 26, 27, 28] .
Materials and Methods

A1 cell line growth
As previously described, A1 cell line was generated from our group by c-myc retroviral infection of mesencephalic primary cultures generated from 11-day-old mouse embryos and selected by neomycin resistance [24, 26] . Briefly A1 cells were cultured in proliferating conditions in Minimum Essential Medium and F12 medium (MEM/F12, Invitrogen, Milan, Italy) supplemented with 10% FBS (HyClone, Milan, Italy) or differentiated in serum free medium and in the presence of 1 mM cAMP (Sigma, Milan, Italy) and N2 supplement (Invitrogen).
COS-7 cell line
COS cell is a fibroblast-like cell line derived from the CV-1 cell line by transformation with an origin defective mutant of SV40 which codes for wild type T antigen commercially available by ATCC. COS-7 were cultured in DMEM (Invitrogen) supplemented with 10% FBS (HyClone).
Ethics Statement
All procedures involving mice were carried out in strict accordance with national and European safety and ethical rules and regulations according to the Council Directive 2010/63/UE (published on September 22th 2010) regarding the protection of animals used for experimental and other scientific purposes, as well national legislations (i.e., Italian Legislative Decree Nu 116/92 and Italian Legislative Decree Nu 388/98). C57BL/6J mice obtained from the Charles River Laboratories Italia s.r.l. (Milan, Italy) were housed in the animal facility of the Institute of Genetics and Biophysics under a 12-h light-dark schedule at a constant temperature and with food and water ad libitum. According to ethical responsibilities and 3R principles, all efforts were made to minimize animal suffering and to reduce the number of animals used (three or four for each experiment). Embryonic age (E) was determined by considering the day of insemination (as confirmed by vaginal plug) as day E0. Animals were sacrificed humanely, by putting mice into a box containing an increasing dose of CO 2 . Primary mesencephalic cultures were prepared from 11 or 13-dayold embryos as described below. E11 or E13 embryos were quickly removed and placed in PBS without calcium and magnesium and supplemented with 33 mM glucose. The ventral midbrain was carefully dissected under a stereoscope in sterile conditions and processed for cell cultures.
MesPC cultures
Mouse ventral midbrain dissected from E11 embryos was dissociated using mechanical trituration with a fire polished Pasteur pipette in culture medium (see below) containing 0.01% pancreatic deoxyribonuclease (Sigma, Milan, Italy). As described dissociated cells were centrifuged, suspended in plating medium, counted and plated at a density of 40.000/cm 2 [27, 28] . Proliferating cells were grown for 6 days in vitro (DIV) in the absence of serum with the addition of B27 supplement (Invitrogen), bFGF, (20 ng/ml, Sigma), FGF-8, (10 ng/ml) and the Nterminal fragment of the SHH protein (50 ng/ml). Differentiated cells were grown for 6 DIV as previously described and for additional 6 DIV in the absence of mitogens. Half of the medium was changed every three days.
Estrogen stimulation
For E 2 (Sigma) stimulation, A1 cells or mesPC were serum starved for 24 hrs and then treated with 10 nM E 2 (Sigma) alone or in combination with 10 mM of the estrogen antagonist ICI 182 780 (Zeneca Ltd., London, England) or 10 mM of Methyl-ß-cyclodextrin (Sigma). Cultures were stimulated with E 2 , ICI 182-780, or ethanol 20% for different times as indicated in the figures. At the end of the incubation time, cells were washed three times with ice-cold PBS pH 7.4 and lysed as described (see below). Experiments with A1 cells or mesPC were always carried at least in triplicate sister samples for each experimental point analyzed.
Western blot analysis
Western Blot analysis was carried as previously described [27] . Following the appropriate treatments and washing three times with ice-cold PBS, the A1 cells and the mesPC were harvested in lysis buffer (50 mM Hepes, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 1 mM PMSF, 2 mM sodium orthovanadate, 5 mM sodium pyruvate, 10 mM sodium fluoride, protease inhibitors cocktails). The lysates were incubated 30 min on ice, and then clarified by centrifugation at 8000 g610 min. Total protein concentration was estimated by modified Bradford assay (Bio-Rad, Milan, Italy). 50 mg/lane of total proteins were separated on 10% SDS polyacrylamide gel and then proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P, Millipore Corporation, Milan, Italy); complete transfer was assessed using pre-stained protein standards (Bio-Rad). The membranes were blocked in TBS 1x (10 mM Tris, pH 7.4, 150 mM NaCl) and 5% non-fat powdered milk for 2 hr at room temperature (RT). Incubation with the primary antibody was carried out at RT for 2 hr. Finally, the membranes were incubated with the horseradish peroxidase-conjugated secondary antibody (1:2500) for 2 h at RT and the reactions detected with ECL system (Amersham, Milan, Italy).
Antibodies
Antibodies were purchased from the following sources: polyclonal anti Phospho-p44/42 MAP kinase (Thr202/Tyr204) antibody (New England Biolabs, Milan, Italy 1:500); polyclonal anti ERK1/2 antibody (New England Biolabs, 1:1000), rabbit anti-ERa (1:500, SantaCruz, Milan, Italy); polyclonal anti caveolin-1 antibody (BD laboratories, Milan, Italy 1:500).
Transfection of mouse anti-Cav1 silencing oligonucleotides
In preliminary experiments we found that low cell density was a critical point for efficient RNA interference. Therefore we could not use the mDA cultures treated with bFGF for these experiments, because of the high cell proliferation. Thus we used primary cultures generated from an E13 mouse midbrain plated in serum-free NBM supplemented with B27 at a density of 100 000/ cm 
Immunocytochemistry and confocal microscopy
Cell cultures were fixed for 30 min at RT, in 4% paraformaldehyde in PBS, followed by three washes in PBS, permeabilized for 15 min in PBS containing 0.1% Triton X-100 and 10% normal goat serum (NGS) and incubated for 2 hr at RT or overnight at 4uC in the primary antibodies diluted in PBS containing 10% NGS. The following antibodies were used at the indicated dilutions: monoclonal (mAb) anti-Cav1 (BD laboratories, 1:200), rabbit anti-ERa (1:500, SantaCruz). After rinsing in PBS, the cells were incubated in fluorescent-labeled secondary antibodies (Texas red goat anti-rabbit, 1:200, Invitrogen; goat anti-mouse fluorescein-conjugated, 1:200, Chemicon, Milan, Italy) in PBS containing 5% NGS. Control cells were incubated in the same solutions without primary antibodies and subsequently processed as above. Three culture wells were analyzed in each experiment for every experimental condition. Images were acquired with laser scanning confocal microscopy (Fluorescence Inverted Confocal Microscope equipped with acquisition and processing software LEICA SP2 AOBS) and serial sections of the same specimen (''Z stacks'') were made in order to provide three-dimensional images and co-localization information. In the Z0 images of confocal stacks, acquired from different fields of proliferating or differentiated A1 cells were processed. Polygons representative of the cell image were delimited and numerical data relative to their pixels were analyzed. We considered positive pixels those with an intensity value .100 for estrogen receptor in the green channel and for Cav1 in the red channel. The percentage was calculated as the number of double positive pixels/estrogen positive pixels6100.
RNA isolation and Real time PCR
Total RNA was isolated from A1 and mesPC cells using TriReagent (Sigma) according to the manufacturer's instructions. The analyses were always carried out in triplicate samples for each experimental point analyzed and were processed separately. The yield and integrity of RNA were determined by spectrophotometric measurement of A 260 and agarose gel electrophoresis respectively. Briefly, 2 mg of RNA were reverse transcribed, using random hexanucleotides (New England Biolabs 6 mM) and 200 U of Moloney-murine leukemia virus reverse transcriptase (New England Biolabs). Gene specific primer sets (Bnip 2 -Fw ACCCCTCTTGGTTTATCCGAA -Rw CTCGGCCAAGT-TAAAGACGTA; Prothymosin a -Fw CTGCCAATGG-GAACGCTCA -Rw TCCTCCTCACCGTCACCT; Caveolin-1 -Fw CGACCCCAAGCATCTCAACGA -Rw CCTTCCA-GATGCCGTCGAA) used for quantitative real time PCR (qRT-PCR, Applied Biosystem, Milan, Italy) were designed using OLIGO 6 software according to manufacturer's instructions, in order to obtain amplified fragments with comparable length (around 120 bp). SYBR Green qRT-PCR reactions were performed in 96-well plates using 7900 HT Fast Real-Time PCR System (Applied Biosystem). Thermal cycling conditions comprised initial steps at 50uC for 2 minutes and 95uC for 10 minutes, followed by 40 cycles at 95uC for 15 seconds and 60uC for 1 minute. All samples were run in triplicate. Amplification efficiency of each primer pair was verified by performing qRT-PCR using different template dilutions. Gene expression levels were quantified from real-time PCR data by the comparative threshold cycle (CT) method using hypoxanthine phosphoribosyl transferase (HPRT) as an internal control gene. The fractional number of PCR cycles CT required to obtain a given amount of qRT-PCR product in the exponential phase of amplification was determined for the gene of interest and for HPRT in each RNA sample. The relative expression level of the gene of interest was then expressed as 2 2DCT where DCT = CT gene of interest -CT HPRT [29] .
MTT assay
Cell viability was analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent assay according with the manufacturer's instructions (Sigma). Briefly, the cells with 0,5 mg/ml of MTT were incubated at 37uC in a humidified 5% CO 2 /95% air mixture for 4 h. At the end of the incubation the cells were lysed with an equal amount of MTT solubilization solution (10% Triton X-100 in 0.1 N HCl in acid isopropanol). The optical density of each sample was measured with spectrophotometer (Beckmann Coulter, Milan, Italy) at 570 nm and subtracted background at 690 nm. All of the experiments were performed in triplicate.
Tripan blue assay
Trypan Blue is a method used to analyze cell vitality. It is based on the principle that viable cells do not take up the dye, whereas dead cells incorporate it. The cell density was determined using a hemacytometer. Each square of the hemocytometer, with coverslip in place, represents a total volume of 0.1 mm 3 or 10 4 cm 3 . Since 1 cm 3 is equivalent to approximately 1 ml, the subsequent cell concentration was determined using the following calculations: number of total cells = the average count per square6dilution factor610 
Statistical analysis
For all experiments the analysis of variance was carried out, followed by post hoc comparison (ANOVA, Scheffè F-test). p, 0.01 was considered statistically significant. Data were expressed as mean +/2 SEM.
Results
A1 neural cells and mesPC as cellular models
To investigate the role of the Cav1 protein we used two cellular models: A1 cells and mesPC obtained both from mouse embryonic mesencephalon at day 11. The A1 cells, immortalized by the cmyc proto-oncogene, showed the presence of markers belonging to neural cell lineages [24, 25, 26] . By FACS analysis after serum starvation for 24 hrs, undifferentiated A1 cells were still proliferating and did not exit cell cycle (data not shown). Under these culture conditions the morphology appears flat and large and no neuritic processes could be observed. Upon serum withdrawal and cAMP stimulation, cells differentiate, arresting the cell cycle and undergoing morphological and neuronal differentiation with ensuing long neuritic processes and a birefringent cell body. In addition, they also display electrical properties, typical of neurons such as mature voltage-gated K + and Na + channels and show various neuronal markers [24, 25, 26] . Alternatively, we used the mesPC, grown in the absence of serum with or without addition of mitogens or morphogens such as basic fibroblast growth factor (bFGF), sonic hedgehog (SHH) and fibroblast growth factor 8 (FGF-8). As previously described by us and other groups, neuroblasts derived from ventral midbrain proliferate in the presence of bFGF. Under this culture conditions, virtually no glial cells are detectable and the neuroblasts actively proliferate. Upon bFGF, SHH and FGF8 withdrawal after 6 days in vitro (DIV) cell growth is arrested. These cultures express early neural marker and subsequently they show neurite outgrowth, expression of panneuronal markers such as light and medium neurofilament (NF-L, NF-M) and specific dopaminergic, GABAergic and glutamatergic neuronal markers [27, 28, 30] .
Caveolin-1 is highly expressed in A1 cells and in mesPC and increases upon differentiation and partly co-localizes with ERa on cell plasma membrane
To study whether the cell differentiation affected Cav1 and ERa expression, we performed western blot analysis on proliferating/ undifferentiated and non-proliferating/differentiated A1 cells and mesPC ( Figure 1) . The ERa protein level in both cellular models did not change following the differentiation ( Figure 1A, B) . Protein extracts from COS cells transfected or untransfected with the fulllength cDNAs of ERa, were used as positive or negative controls of the western blot, respectively ( Figure S1A ).
Furthermore to investigate whether the Cav1 protein level could be affected during the differentiation, we performed western blot analysis on proliferating and non-proliferating A1 cells and mesPC ( Figure 1C, D) . Cav1, as previously described, besides being an essential structural organizer of the caveolae, play an important role in the signal transduction and it has been shown to affect ERs signaling. Cav1 was expressed in A1 cells and its levels show a three-fold-increase upon differentiation. Similarly to A1 cells, mesPC neuroblasts also show a two-fold-increase of Cav1 protein when their proliferation is arrested and differentiation is triggered ( Figure 1C, D) .
As positive and negative controls we used COS cells transfected with a c-DNA encoding Cav1 or untransfected cells, respectively ( Figure S1B ).
We considered that a reciprocal distribution of ERa and Cav1 could take place on cell membrane and in order to investigate whether it changed before and after differentiation we used immunofluorescence and confocal microscopy. As shown in Figure 2A , both Cav1 and ERa are localized on cell membrane of A1 cells, where they also partly co-localize as highlighted by the merge of the two signals (Figure 2A) . Analysis of Z0 images of confocal stacks, acquired from different fields of proliferating and differentiated A1 cells, showed a higher percentage of colocalization of ERa and Cav1 in plasma membranes of the differentiated cells compared to proliferating cells ( Figure 2B) . Analysis of different Z-stacks showed that ERa is also localized within the cell ( Figure S2 ). In the same way, Cav1 was also present in differentiated mesPC as assessed by the double staining with the neuronal marker, ß-III Tubulin (TuJ1), and partly co-localize on cell membrane with ERa ( Figure S3 ).
Estrogens induce ERK1/2 phosphorylation with a kinetic that varies according to the proliferative/differentiation status both in A1 cells and in mesPC
The MAP kinase cascade is implicated in E 2 action in a variety of cell types, including neuroepithelial cells [31] . To analyze the effect of E 2 on ERK1/2 phosphorylation we have stimulated proliferating and non-proliferating A1 cells with 10 nM of E 2 for different times. By western blot analysis, in proliferating A1 cells we observed a 2.5-fold increase of ERK1/2 phosphorylation after 5 min of E 2 treatment. Moreover, this phosphorylation reached a peak 15 min after E 2 treatment and then decreased at the basal level after 60 min, remaining unchanged up to 120 min ( Figure 3A, B) . Interestingly, non-proliferating A1 cells showed a different kinetic of ERK1/2 phosphorylation, upon E 2 stimulation. At 30 min, ERK1/2 phosphorylation showed 1.5-fold increase reaching a peak at 60 min and decreased to basal level after 120 min ( Figure 3C, D) . The specificity of E 2 stimulation was demonstrated using E 2 selective inhibitor (ICI 182-780). Undeniably its addition was able to prevent E 2 -dependent ERK1/2 phosphorylation (Figure 3) .
To confirm whether E 2 induces ERK1/2 phosphorylation with different kinetics that varies according to the proliferative/ differentiation status we performed similar experiment in mesPC.
We showed that E 2 stimulation in proliferating neuroblasts induced a progressive increase of ERK1/2 phosphorylation starting at 10 min, reaching the highest level after 240 min stimulation ( Figure 4A, B) . Differently, under non-proliferating conditions, we observed a sustained activation of p-ERK1/2 from 10 min up to 120 min and decreased after 240 min stimulation ( Figure 4C, D) .
Finally we also verify whether in A1 cells the E 2 -dependent genomic pathway can be activated using Real time PCR analysis of two genes whose expression is known to be dependent on genomic pathway, Bnip 2 and prothymosin a. We found that also genomic effects does occur in A1 cells upon E 2 stimulation ( Figure  S4 ).
ß-Cyclodextrin is able to change the kinetic of ERK1/2 phosphorylation following E 2 administration in A1 cells
It has been shown that the caveolae and Cav1 are involved in E 2 non-genomic signaling. In previous experiments we have found that the cell growth arrest and the differentiation were paralleled by an increase of Cav1 protein and a change of p-ERK1/2 kinetic both in A1 cells and in mesPC. Therefore, we used b-cyclodextrin, a drug known to interfere with the organization and the formation of caveolae, to assess whether p-ERK1/2 kinetic is affected by a redistribution of Cav1 on cellular membrane [32] . ß-cyclodextrin 10 mM for 60 min was able to cause a redistribution of Cav1 throughout the plasma cellular membrane of A1 cells ( Figure S5 ). Subsequently, we have analyzed the kinetic of p-ERK1/2 upon E 2 stimulation in A1 cells either untreated or treated with ß-cyclodextrin. As shown in Figure 5 the administration of b- Cav1 Changes Estrogen Survival and ERK1/2 Kinetic PLOS ONE | www.plosone.orgcyclodextrin was able to change the kinetic of p-ERK1/2 in both proliferating ( Figure 5A , B) and non-proliferating ( Figure 5C , D) A1 cells. In particular, in proliferating A1 cells we observed ERK1/2 phosphorylation after 15 min of E 2 stimulation when compared to the control, with a peak at 120 min ( Figure 5A, B) . In differentiated A1 cells, ERK1/2 phosphorylation increases after 30 min with a peak at 120 min ( Figure 5C, D) . Thus, ERK1/2 kinetic of phosphorylation showed a similar profile in proliferating and differentiating cells following ß-cyclodextrin administration.
Caveolin-1 silencing affects the ERK1/2-kinetic in mesPC and in A1 cells
To examine whether p-ERK1/2 kinetic induced by E 2 stimulation was dependent on Cav1, we transfected differentiated mesPC and A1 with a pool of Cav1 specific siRNAs (siCav1). As control we used non-targeting sequences (NT). Real-time PCR and western blot analysis performed in mesPC cells showed 70% of Cav1 mRNA and a slightly lower Cav1 protein down-regulation compared to control cultures ( Figure S6A, B) . Similar results are obtained in A1 cells (Figure S6C, D) .
In order to study whether p-ERK1/2 kinetic was affected by NT or siCav1 transfection we carried out western blot analysis in differentiated A1 and mesPC cells. In A1 cells, in the presence of NT sequence, upon E 2 stimulation, p-ERK1/2 kinetic increased from 30 min up to 60 min with a peak at 60 min and decreased at 120 min ( Figure 6A ). This profile was similar to that described in Figure 3B .
On the contrary, upon E 2 stimulation, siCav1 transfection affected p-ERK1/2 kinetic, so that ERK1/2 phosphorylation increased after 15 min of E 2 stimulation with a peak at 60 min and decreased at 120 min ( Figure 6B) .
Similarly, we performed the same experiment in mesPC. As shown in Figure 6C , upon E 2 treatment, NT sequence did not affect p-ERK1/2 kinetic as previously described in Figure 4B : ERK1/2 phosphorylation, significantly increased from 10 min up to 120 min with a peak at 30 min and decreased at 240 min ( Figure 6C ). On the contrary, in the presence of Cav1 specific siRNAs, E 2 stimulation induced an increase of ERK1/2 phosphorylation starting at 10 min and decreasing progressively between 60 min and 240 min ( Figure 6D ). Thus, Cav1 downregulation affected the kinetic of ERK1/2 phosphorylation by anticipating the activation, shifting the peak and the amount of ERK1/2 phosphorylation.
Caveolin-1 silencing affects E 2 survival in mesPC and in A1 cells
To verify whether E 2 stimulation had a pro-survival effect, A1 and mesPC cells were grown for 5 DIV in differentiation conditions. At 5 DIV, before E 2 stimulation, MTT assay was performed ( Figure 7 ) and in the same day, both A1 and mesPC cells were treated or not with E 2 for successive 48 hr. So that control cultures at 5 DIV were compared with those at 7 DIV. As presented in Figure 7 , MTT assay at 7 DIV shows a 25% decline in the cell survival. This effect was reduced by E 2 treatment.
In order to evaluate whether the pro-survival effect of E 2 occurs via Cav1, differentiated A1 and mesPC cells at 5 DIV were transfected with siCav1 or control sequence (NT). 4 hr upon transfection the cells were stimulated with 10 nM of E 2 for 48 hr. At first, in order to rule out a toxic effect of NT and siCav1 siRNAs transfected cells were counted with trypan blue and compared to untransfected cell. No significant differences were observed ( Figure S7) .
Furthermore, we demonstrate that the pro-survival effect of E 2 occurs via Cav1, by MTT experiment performed in A1 and mesPC cells. As shown in Figure 7 , E 2 stimulation significantly increases the survival of A1 and mesPC cells transfected with NT sequence. Our data indicate that E 2 protection in both cell cultures was abolished in the presence of Cav1 siRNA. Therefore Cav1 down-regulation affects E 2 -mediated survival and strongly suggests that E 2 survival is Cav1-mediated.
Discussion
We used two mouse cellular models, namely the A1 cell line and mesencephalic primary cultures to characterize in neurons the presence of ERa and Cav1 in order to study some of the nongenomic effects exerted by E 2 and the underlying mechanism(s). Either models, under appropriate culture conditions, exit cell cycle and undergo neuronal differentiation, thus allowing to address the issue of whether a different status of proliferation/differentiation can affect the non-genomic responses to E 2 . It is worth noting that in the chosen cellular models no bias due to the genetic background would interfere.
We have previously shown that A1 cells undergo differentiation upon serum withdrawal and cAMP stimulation and represent a veritable neural cell line [24] . In the present study we find that A1 cells express ERa either under undifferentiated/proliferating or differentiated/non-proliferating conditions. It is known that ERa is localized within the cells and acts as a dimer that binds to DNA at specific target sequences, the estrogen response elements, present in the promoter region of target genes. ERa is expressed in many cell types of different lineages. In the CNS, including the mesencephalon, ERa is present both on undifferentiated and differentiated neural cells where it is likely to exert different functions, by stimulating overlapping but also different substrates [33, 34] . The finding that in our cell line and primary culture models, ERa is expressed on both undifferentiated and differen- It is well known that E 2 can foster differentiation and proliferation of neural cells and also exert neuroprotection against noxious stimuli on different types of neurons either in vitro and in vivo. Since the discovery that in humans different ERs exist, inconclusive and sometimes conflicting data have been generated on the mechanism(s) underlying ERs biological effects, including differences exerted in undifferentiated and differentiated neural cells [17, 35, 36, 37] . It is likely that the inconclusiveness of the findings is due to the differences in experimental settings such as different cell types and different manner to trigger cell death and therefore different mechanisms of neuroprotection. Nevertheless, it as been undoubtedly proven that E 2 protect brain damage via ERa and the protective mechanism(s) is independent on blood flow and it is likely to be due to effects exerted directly on neural cell [35] .
Among different ERs, it is ERa to be prevalently found physically associated with Cav1 [38] . Moreover it has been described that E 2 -ERa complex preferentially activate ERK1/2 and PI3K/AKT pathway [38] . The non-genomic actions of E 2 may play a role of particular importance in the CNS. For instance, E 2 exert neurotrophic and neuroprotective actions and enhance synaptic plasticity [39] . Other important non-genomic effects involve proliferation and differentiation [31, 40] .
Here, we have investigated an open issue regarding the molecular mechanism(s) by which non-genomic signaling cascades are activated by E 2 and in particular in our cellular models we have demonstrated the link between the status of proliferation and differentiation and the different activation of ERK1/2. Caveolae are v-shaped lipidic rafts [41] , located on the plasma membrane of many cell types and organized by the membrane-spanning protein caveolins. In particular, Cav1 is a ''multitasking'' protein that participates in lipid and protein trafficking and regulates signal transduction. Although recent findings have shown a role of Cav1 in glutamate receptor signaling and LTP production little is known concerning the function/s of Cav1 in neurons. Its dysregulation in a number of diseases, such as neuronal injury, ischemia and Alzheimer's disease suggests its involvement in pathological conditions [42, 43] . In particular, a recent analysis of Cav1 KO mice shows accelerated aging of neuronal cells with increased vulnerability to ischemic stress and loss of neuroprotection by ischemic preconditioning [22] . In addition, Cav1 deficient mice impair cell proliferation and decrease survival upon glucose restriction, causing impairment of mitochondrial function. Without Cav1, free cholesterol accumulates in mitochondrial membranes, increasing membrane condensation and reducing efficiency of the respiratory chain and intrinsic anti-oxidant defense. This mitochondrial dysfunction predisposes Cav1 deficient animals to mitochondrial related diseases such as neurodegenerative disease [44] .
It is known that exogenous expression of Cav1 in cells lacking caveolae, results in the formation of mature invaginated caveolae while cells expressing the endogenous form of Cav1 always show the presence of caveolae [45, 46] . Thus it is likely that caveolar lipidic rafts are present on cell membrane of A1 cells since they express high levels of Cav1, part of which is localized on plasma membrane. Different laboratories have shown that caveolae and Cav1 are involved in E 2 non-genomic signaling. In particular, Cav1 is involved in E 2 -dependent activation of ERK1/2 signaling in non-neuronal cells. Recently, data from Patel's laboratory pointed towards a role of Cav1 in mediating ERK1/2 activation in primary neurons [22, 47, 48] . Our findings, taken together, show that in both cellular models, Cav1 and/or caveolae play a role in determining the kinetic of ERK1/2 activation upon E 2 stimulation. In particular we demonstrate that i) ERa, at least in part, colocalizes on plasma cell membrane with Cav1 as seen by confocal microscopy; ii) differentiated/non proliferating cells present a consistent increase of Cav1 protein and display a different kinetic of ERKs stimulation as compared to undifferentiated/proliferating counterpart; iii) disruption of lipidic rafts/caveolae, by means bcyclodextrin or siCav1, is able to change the kinetic of ERK1/2 phosphorylation upon to E 2 stimulation; iv) Cav1 down-regulation changes the kinetic of ERK1/2 phosphorylation upon E 2 stimulation; v) E 2 stimulation needs Cav1 to mediate survival. Both ß-cyclodextrin or siCav1 experimental approaches have been used to perturb caveolae [49, 44] . In our experiments both of them are able to change the kinetic of ERKs phosphorylation although with a different profile. This is likely due to differences in the mechanisms of action of the two compounds, namely siRNA down-regulates protein expression whereas ß-cyclodextrin redistributes the molecules within the cell.
Increasing evidence point towards a crucial role exerted by the kinetics of ERK1/2, more than its simple activation, in determining its biological effects. For instance, both in PC12 cells and in hippocampal neurons, ERK1/2 activation may alternatively lead to increased proliferation or to neuronal differentiation or to cell death depending on its kinetic of activation [50, 51, 52, 53] . It is tempting to speculate that the different kinetic of ERK1/2 activation observed in undifferentiated versus differentiated mesencephalic neural cells may, at least in part, account for the different effects that E 2 play in developing and mature CNS or within adult brain among neurons at different stage of differentiation. The fact that in primary culture of embryonic mesencephalic neurons a different kinetic of ERK1/2 activation is also observed according to the proliferation condition further suggest that the processes of cell proliferation and differentiation may be important in dictating the kinetic of ERK1/2 activation in response to E 2 by up-regulating Cav1 protein and increasing its membrane localization.
Recent findings show that ERK 1 and ERK2 might exert different actions, thus the ratio between the two isoforms may be of relevance [54] . Although in this paper we do not address such an issue, in our experiments, overall, either forms of ERK get phosphorylated upon E 2 stimulation. It would be interesting to investigate the selective role of ERK isoforms by means of gain or loss of function experiments.
In our experimental settings E 2 protect cells from death. It is well known that E 2 exert a neuroprotective role also in vivo and in other in vitro cellular models. Our data also show that E 2 needs Cav1 to mediate survival. To the best of our knowledge this is the first time that a link between E 2 , caveolin and cell survival has been shown in neuronal cells.
It is conceivable that in our in vitro models the process of differentiation and arrest of proliferation, by changing the expression and the localization of Cav1, modifies the mechanisms of cell survival and death and the kinetic of ERK1/2 activation. Actually we found that also genomic effects do occur in A1 cells upon E 2 stimulation, as shown by Bnip 2 and prothymosin a expression [55] . Previous reports indicate that Cav1 may act both as a facilitator and a suppressor of cell death in different cellular context. For instance, in fibroblasts and epithelial cells Cav1 plays a proapoptotic role [56] . In multiple myeloma cells, cholesterol depletion by ß-cyclodextrin abrogates both IL-6 and IGF-1-dependent survival via negative regulation of Cav1 [57] . It remains to be established how the process of differentiation affects the formation, composition or the signaling properties of caveolae on neural cells. Future experiments will also clarify whether caveolae are involved also in the activation and/or in the kinetic of other signaling pathway stimulated by E 2 .
In conclusion, taken together our findings clarify the molecular mechanisms underlying the action of E 2 on undifferentiated and differentiated neural cells without bias due to the genetic background and point towards Cav1 as an important player in mediating at least some of the non-genomic action of E 2 . 
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